Most commercial cultivars of tomato (Solanum lycopersicum) are susceptible to early blight (EB), a devastating fungal (Alternaria solani and A. tomatophila) disease of tomato in the US and elsewhere. Common measures of disease control currently include sanitation, crop rotation and heavy use of fungicides. Use of resistant cultivars, however, is the most economically acceptable and environmentally sound approach to controlling EB disease in tomato. Sources of genetic resistance to EB have been identified within the related wild species of tomato, including S. habrochaites, S. peruvianum and S. pimpinellifolium. Characterization of genetic resistance to EB would facilitate transfer of resistance to elite breeding lines and hybrid cultivars of tomato. We used a recombinant inbred line (RIL) population of tomato, previously developed from a cross between S. pimpinellifolium accession LA 2093 and S. lycopersicum tomato breeding line NCEBR-1, to determine the inheritance of EB resistance as well as 132
Introduction
One of the most destructive diseases of tomato (Solanum lycopersicum L.) in the US Northeast and many other growing regions in the world is early blight (EB), caused by fungi Alternaria tomatophila E. G. Simmons and A. solani Sorauer (hereafter referred to as A. solani). Early blight can infect all above-ground organs of the tomato plant and can lead to yield losses up to 79% in regions with heavy dew, rainfall and high humidity [7, 10, 11, 41] . Currently, there is no sufficient level of EB resistance in commercial cultivars of tomato and the most common measures of controlling the disease are sanitation, crop rotation and heavy use of fungicides [19, 20, 30, 41] . However, in area with high humidity and extensive rainfall, these measures may not be successful in controlling the disease. Further, application of fungicides can be very costly and hazardous to the environment. For example, in some area 15-20 fungicide applications per season are needed to obtain an adequate protection of the crop [41] . Use of resistant cultivars would reduce the number of application or eliminate the need for fungicide application, resulting in significant economic and environmental benefits.
Genetic sources of resistance to EB have been identified within the related wild species of tomato, including S. habrochaites S. Knapp & D.M. Spooner S. peruvianum L. and S. pimpinellifolium L. (reviewed in [17] ). Moderate level of resistance has also been reported in some genotypes within the cultivated species of tomato [3, 4] . A few resistant resources have been used in genetic and breeding studies of EB resistance in tomato. Genetic studies have indicated that tomato response to EB does not follow a gene-for-gene model of vertical/qualitative resistance, and it is rather characterized as a complex trait affected by multiple genes with different actions and whose expressions may also be affected by environmental factors [5, 18, 22, 31, 35, 38, 44] . Furthermore, resistance to EB is associated with physiological maturity and fruit load of the plant [5, 6, 22, 38] . Late maturity and/or low yielding plants appear resistant, while they may not possess genetic resistance [20] . On the other hand, indeterminate plants may outgrow the disease and emerge as resistant, while they may not possess genetic resistance to EB. These characteristics as well as heritability of EB resistance have to be taken into account when breeding for EB resistance. The heritability (h 2 ) of EB resistance has been reported to be generally low to moderate [16, 19, 37] , suggesting that EB resistance in tomato could be improved via traditional phenotypic selection, though this can be a slow process. Breeding efforts have resulted in the development of several breeding lines and hybrid cultivars of tomato with improved resistance to EB [4, [22] [23] [24] [25] . However, further efforts are needed to develop breeding lines and hybrid cultivars of tomato with EB resistance and other desirable horticultural characteristics, including early to mid-season maturity and high yield.
Previously, we screened about 300 accessions of tomato wild species S. pimpinellifolium for various horticultural characteristics, including EB resistance (MR Foolad, unpublished data). We identified one accessions (LA 2093) with numerous desirable characteristics, including high fruit lycopene content and EB resistance. We developed a recombinant inbred line (RIL) population from crosses between LA 2093 and a tomato breeding line and constructed a genetic linkage map of the population [2] . The RIL population was used for characterizing the genetic basis of several fruit quality characteristics, including fruit lycopene content, and several desirable quantitative trait loci (QTLs) were identified and mapped [1] . Subsequent studies led to the development of near isogenic lines (NILs) and fine mapping of QTLs for high fruit lycopene content [28] . Here we report results of the evaluation of the RIL population in different generations (and years) for EB resistance, estimation of the heritability of EB resistance, and relationships between EB resistance and several other important horticultural characteristics.
Materials and Methods

Genetic materials
The S. pimpinellifolium accession LA 2093 was hybridized as the staminate parent with the breeding line NCEBR-1 (S. lycopersicum) and F1 progeny produced. LA 2093 is a self-compatible inbred accession, which was previously identified as a genetic source for several desirable horticultural and agronomic characteristics, including EB resistance, following screening of ~300 S. pimpinellifolium accessions (MR Foolad, unpubl. data). NCEBR-1 was previously released as a fresh-market tomato breeding line with multiple desirable horticultural traits, including EB resistance [22] . Original seeds of LA 2093 was obtained from the C.M. Rick Tomato Genetics Resources Center (TGRC; http://tgrc.ucdavis.edu/), and seed of NCEBR-1 was obtained from R.G. Gardner (North Carolina State University, Fletcher, NC). A single F1 progeny plant was self-fertilized to produce F2 seed, from which a recombinant inbred line (RIL) population, consisting of 172 lines, was developed via a single-seed descent breeding approach, as described elsewhere [2] . The RIL population in different generations, F7, F8, F9 and F10, was used for this study. [27] disease scale was used (described below). Plants were evaluated for the incidence of EB in three to four intervals each year starting with observation of the first symptoms of the disease. Plants were scored based on percent infection/defoliation caused by EB on a scale of 0 to 100, where 0 indicated no sign of disease in the whole plot and 100 indicated complete defoliation of all 10 plants. In rare cases, other diseases or disorders were observed, which were taken into account and adjustments were made visually to partition the defoliation caused by EB or other factors and only EB fraction was recorded. The last evaluation in each year (generation) was considered as the final % defoliation. Area Under Disease Progress Curve (AUDPC) was calculated for each RIL in each replication and each year using the following formula:
Early blight disease evaluation
where Ri is the rating (estimated proportion of defoliation) at the ith observation and ti = time (days) since previous rating at the ith observation, and n = total number of observations [43] . In F7 generation, the AUDPC was calculated based on a single plant of each RIL and in F8, F9 and F10 generations the AUDPCs were calculated on plot basis for each replication, and then averaged over the two replications for further analyses. The AUPDC and the final % defoliation (hereafter referred to as % defoliation) values of the RILs were used for estimation of heritability and calculation of phenotypic correlations among different traits (described below).
Evaluation of other traits
In order to investigate potential relationships between EB resistance and other plant or fruit characteristics, several traits were either visually evaluated in the field or measured in the laboratory, as described below.
Plant growth habit. Each RIL was scored as determinate (D), semi-determinate (SD) or indeterminate (I). For correlation analysis a dummy variable was defined in which D = 1, SD = 2 and I = 3.
Plant size. Plant size was scored from 1-5, where 1 indicated the smallest plant stature and 5 the largest. Plant size of each RIL was scored relative to the parental sizes. The S. lycopersicum parent (NCEBR-1) and S. pimpinellifolium parent (LA 2093) were scored as 2 and 5, respectively.
Plant type. Plants were scored as either prostrate (PR), upright-prostrate (UP/PR), or upright (UP) using dummy variables 1, 2 or 3, respectively.
Maturity. Plants were scored based on the level of fruit maturity when approximately 50% of the fruits were ripened across all the lines. Scoring ranged from 1 (very early maturing) to 5 (very late maturing).
Fruit yield. The yield of each RIL was visually scored between 1 and 5 based on its overall fruit load, where 1 indicated the lowest and 5 the highest fruit yield.
Fruit weight. Fruit weight was measured in the laboratory based on the average weight of 20 random mature fruit from each RIL, as described elsewhere [1] .
Soluble Solid Content (SSC).
The SSC of the purée of 20 fruit from each RIL was measured in the laboratory, as described elsewhere [1] .
Statistical analysis Correlation among traits.
Pearson correlation analyses were conducted to determine the relationship between EB resistance and various horticultural characteristics, including growth habit, plant size, plant type, maturity, yield and SSC.
Estimation of heritability by parent-offspring (P/O) regression/correlation
analysis. Parent-offspring regression (correlation) analysis, which is based on a least square analysis, is a reliable method for estimating trait heritability (h 2 ) in plant populations. This method is free of the assumptions normally required for analysis of variance (ANOVA), and in self-pollinated crops the estimated regression coefficient (by/x) is equal to the h 2 of the trait [14] . Because parent (e.g. F7) and progeny (e.g. F8) generations were evaluated in different years (different environments), to reduce potential scaling effects of the two environments, the correlation (r) rather than regression coefficient was used as estimate of h 2 for EB resistance. Thus, heritability was estimated based on the following equation:
where r and Cov are correlation coefficient and covariance, respectively, VFx and VFy are the among-family variances in the parental (e.g. F7) and progeny (e.g. F8) generations, respectively. This estimate of h 2 (i.e., r) is equivalent to standard-unit h 2 obtained by calculating the regression (i.e., by/x) on data coded in standard units [21] .
Estimation of heritability by variance components analysis. When experimental data are unbalanced, which is often the case with many agricultural experiments, the restricted maximum likelihood (REML) method and PROC MIXED models of SAS program [29] provide better estimates of variance components, compared to estimates obtained based on least square analysis with PROC GLM or ANOVA. Thus, estimates of h 2 for EB resistance were obtained using REML procedure and PROC MIXED models of SAS according to Holland et al. [26] and Nyquist [39] . Heritability estimates were obtained based on different combinations of the four generations (F7, F8, F9 and F10) of the RILs. Narrow-sense h 2 was estimated based on both plot means and family means. Heritability on a plot-mean basis, giving the response to selection among plot means within one replication of one environment as measured in independent environments was estimated as: and heritability of family means, giving the response to selection among family means averaged across the years as measured in independent environments was estimated as: 
Results
Response of the parental and F1 progeny to EB
The response of the parental lines and F1 progeny to EB disease is presented in Table 1 . The results based on the mean of final % defoliation and AUDPC over the Characterization of early blight resistance 137 four years of experiments indicated that the S. pimpinellifolium accession LA 2093 exhibited significantly more resistance to EB than the breeding line NCEBR-1. Neither of the parents exhibited complete resistance or complete susceptibility to EB, as expected from the nature of this disease [17, 18, 37] . The disease response of the F1 progeny was similar to that of LA 2093. Response of the RIL population to EB The response of the RIL population to EB disease in different generations are presented in Table 1 and Fig. 1 (a-d) . As expected, in each generation, there was a wide variation in response to EB among RI lines, from highly disease resistant to highly disease susceptible. Generally, there were higher levels of EB disease in F7 (2004) and F9 (2006) generations due to higher moisture and higher levels of natural disease pressure in the field during 2004 and 2006 trials. In most years, the disease response in the RIL population was not normally distributed though it was continuous (Fig. 1) . 
Correlation among traits
There was significant (P < 0.01) positive correlation between the final % defoliation and the AUDPC in each generation of the RIL population, with the correlation coefficients ranging from 0.81 (in F10) to 0.95 (in F7) ( Table 2 ). These high correlations indicated that final % defoliation could be used as a measure of disease response when evaluating plants for response to EB disease (see discussion). The relationship between plant's response to EB disease and various plant and fruit characteristics was investigated in different years and generations of the RIL population. Across the RI lines and in different generations, response to EB disease was negatively correlated (P < 0.01) with growth habit, plant type, plant size, and fruit maturity (Table 3 ). In general, plants with determinate growth habit, prostrate type, smaller size, or early maturity showed more EB disease than those with indeterminate growth habit, upright type, larger size, or later maturity. Positive correlations (P < 0.01) were observed between disease severity and total fruit yield, where higher yielding RILs exhibited more EB disease (Table 3 ).There Characterization of early blight resistance 139 was no significant correlation between fruit weight (size) and EB disease severity, indicating that fruit size did not have any significant effect on plant response to EB. In all generations, except F7 where evaluations were based on single plant performance, RI lines with higher fruit SSC showed less disease, although the magnitudes of the correlation coefficients were generally small (Table 3) . 2 based on variance components analysis using REML method and various combinations of RIL generations were obtained separately based on both plot (replication) means and family (RIL) means and for both final % defoliation and AUDPC (Table 4) . Components of phenotypic variance based on PROC MIXED model along with compilation of a SAS code (not shown) provided necessary vectors and matrices to estimate heritability. As would be expected, estimates based on plot means were smaller, ranging from 0.28 to 0.62 with an average of 0.44, compared to estimates based on family means, which ranged from 0.62 to 0.82 with an average of 0.72. Estimates of h 2 were generally similar based on both final % defoliation and AUDPC (Table 4) . 
Discussion
Neither of the two parental lines (LA 2093 and NCEBR-1) of the RIL population exhibited complete resistance or complete susceptibility to EB, though the S. pimpinellifolium parent (LA 2093) exhibited significantly more resistance than NCEBR-1 (Table 1) . LA 2093 was previously selected from among nearly 300 accessions of S. pimpinellifolium, which were evaluated and screened for numerous desirable traits, including EB resistance (MR Foolad, unpublished data). In our EB screening experiments, and generally in most other screenings conducted for EB resistance in tomato, no wild accession or breeding line of tomato has been identified with complete resistance to EB. This is not unusual due to the nature of EB disease and absence of any gene for gene resistance for this disease in tomato or potato [17] . NCEBR-1 was previously released as a source of moderate resistance to EB resistance [22] . The moderately-high level of resistance in LA 2093 in combination with the moderate level of resistance in NCEBR-1 may lead to the identification of progeny from this cross with resistance better than both parents. In fact, during the evaluation of the F8 (2005) and F10 (2007) generations of the RIL population under field conditions, a few RILs were identified with final % defoliation less than 10%, which was generally better than both parents. Such transgressive RI lines may be useful sources of EB resistance for developing improved breeding lines and hybrid cultivars of tomato with EB resistance. The presence of transgressive segregants has been reported for numerous quantitative traits and in different plant species [12, 36, 40] , including EB resistance in tomato [9] . In all four years of disease evaluation (2004) (2005) (2006) (2007) , the F1 progeny of the cross between LA 2093 and NCEBR-1 exhibited similar resistance to the S. pimpinellifolium parent, suggesting that the resistance conferred by LA 2093 may be under dominant genetic control. However, this suggestion was not supported in early filial generations (F2 and F3) of this cross, where the disease distributions were fairly symmetrical and not skewed towards resistance (MR Foolad et al., unpublished data).
The disease response in the RIL population was continuously distributed in all four generations (years) of the experiment, indicating that EB resistance in this population is not a qualitative trait and most likely is polygenic in nature. This is consistent with previous reports on the quantitative nature of resistance to EB in other populations of tomato [19, 20, 32-34, 38, 42] . In the present study, the distribution of disease severity in the RIL population varied slightly from year to year, though all were continuous (Fig. 1) . This was most likely due to variation in environmental conditions and disease pressure in the four years of evaluation. Fig. 1 ). Based on the results of four years of disease evaluation in the RIL population, and our previous investigations of EB resistance in tomato [16, 19, 20, 44] , there is little evidence supporting the existence of vertical (major gene) resistance to tomato EB, unlike what was proposed by Bonde [8] . In all four generations of the RIL population (F7 -F10), there were strong positive correlations (r = 0.81 -0.95, P < 0.01) between final % defoliation and AUDPC (Table 2) . These high correlations indicate that when screening breeding populations for EB resistance, it may be sufficient to conduct only one final disease evaluation. However, the timing for such evaluation is critical as too early or too late evaluation may result in misleading information, a problem that may not occur when conducting multiple-point evaluation and calculating AUDPC.
During the development of the RIL population, no selection was made for or against any traits and thus there were phenotypic variation in the RIL population for numerous traits, including plant growth habit, size, type and maturity as well as fruit yield, weight and SSC. To determine whether such phenotypic variation affected plant response to EB infection, Pearson correlation analyses were conducted between EB severity (final % defoliation and AUDPC) and various plant and fruit characteristics. Moderate negative correlations (average r = -0.36, P < 0.01) were observed between disease severity and growth habit (Table 3) , where in general indeterminate and semi-determinate plants showed less disease than determinate plants. It is likely that plants with indeterminate/semideterminate growth habit grow out of the disease and appear healthier. There is no evidence that indeterminate growth habit is genetically associated with resistance to EB, as several RILs were identified which were indeterminate but almost completely defoliated by EB (data not shown). And in contrast, several determinate RILs were identified with acceptable EB resistance. Moderate negative correlations (average r = -0.40, P < 0.01; Table 3 ) were also observed between disease severity and plant size, where larger plants generally appeared to have less disease. However, in all four generations of the RIL population, several RILs were identified with determinate growth habit and rather small plant size, yet with strong EB resistance (data not shown). Thus, growth habit and plant size are not determining factor in plant response to EB disease, though practically larger plants and those with indeterminate/semi-determinate growth habit may seem less affected by the disease. Small but significant negative correlations (average r = -0.23; Table 3 ) were also observed between disease severity and plant type, where upright plants generally exhibited less disease than prostratetype plants. It is likely that in upright plants less moisture is trapped in the foliage, leading to less disease development and establishment. The practical implication here is that when breeding tomatoes with EB resistance, it may be beneficial to select plants with upright growth habit. Significant negative correlations (average r = -0.54; Table 3 ) were observed between disease severity and earliness-inmaturity, where late maturing plants exhibited less disease. This relationship is very important and should be taken into account when breeding tomatoes for EB resistance. Strict selection for EB resistance without consideration of plant maturity, for example selection at earlier stages of plant development under greenhouse conditions, may lead to genotypes with late maturity.
Significant positive correlations (average r = 0.49; Table 3 ) were observed between disease severity and fruit yield, where high-yielding plants appeared to have more disease. In the tomato-breeding program at Penn State we have often observed that low yielding, late maturing plants appear more resistant to EB than plants with high yield and/or early maturity. These relationships are of considerable practical importance when breeding for EB resistance. Small negative correlations (average r = -0.21, P < 0.05; Table 3 ) were observed in F8 -F10 generations between disease severity and fruit SSC, where plants with higher fruit SSC generally showed less disease. This may indicate that genotype with higher fruit (and may be foliage) sugar content tolerate EB disease better. This obser-vation further suggest that improving plant response to EB disease may not interfere with improving tomato fruit SSC. There was no clear relationship between disease severity and fruit weight, suggesting fruit size does not affect plant response to EB.
While relationships between EB disease severity and growth habit, fruit yield and maturity were previously reported in different tomato populations [16, 19, 20, 32, 38] , there was no report of the relationship between EB disease severity and plant type (prostrate vs. upright) or fruit SSC, and thus the latter relationships needs to be verified in other tomato populations. However, considering all the abovementioned relationships, it is obviously a challenge to develop tomato germplasm with EB resistance and yet with desirable horticultural characteristics such as high yield, earliness-in-maturity and small plant size. Nonetheless, based on our observation of the RI lines in different generations as well as our applied tomato breeding experience, these challenges do not seem to be insurmountable as there is no known genetic linkage relationship between such traits [17] . For example, among the RI lines evaluated in four years, a few lines were observed with EB disease resistance and yet with several desirable characteristics such as high yield, small plant size and early maturity. Further, in the tomato breeding program at Penn State we have been able to develop advanced tomato breeding lines with EB resistance derived from LA 2093 and yet with numerous horticultural desirable characteristics, including high yielding and early to mid-season maturity. Use of molecular markers associated with genes or QTLs associated with EB resistance may facilitate development of tomatoes with EB resistance and other desirable horticultural characteristics (see the companion paper by Ashrafi and Foolad 2014) .
To determine the utility of an accession for breeding purposes, it is important to examine the genetic control of the trait(s) of interest in the accession, including its heritability. Measuring heritability of a trait is important in predicting the degree to which progeny resemble their parents and to measure the extent to which the phenotypic value correspond to breeding value [15] . In the present study, we estimated h 2 of EB resistance by two different methods. The P/O correlation analysis indicated that the response to EB as measured by final % defoliation and AUDPC was moderately heritable, with h 2 values ranging from 0.38 to 0.65 with and average of 0.51 (Table 2) . Parent-offspring regression (correlation) analysis provides an estimate that is close to a narrow-sense estimate of heritability (i.e. least biased by any potential dominance effects) [13] . Such h 2 estimates are generally more reliable than those based on least square analysis of variance and variance components analysis, which assume normality of trait distribution and other assumptions such as similarity of environmental variation in different generations. A correlation, rather than regression analysis was employed as correlation provides a more accurate estimate of h 2 when the phenotypic variances in the parental (e.g. F7) and progeny (e.g. F8) populations are different due to potential differences in growing/evaluation conditions (e.g. different times/ years of evaluations, etc.)
Estimates of h 2 based on the analysis of components of phenotypic variance, using REML method and different combinations of RIL populations (generations), varied in magnitude depending on whether they were calculated based on plot (replication) or family (line) means. As expected, estimates were generally higher based on family means (Table 4) . For example, for final % defoliation, while h 2 estimates based on family means ranged from 0.57 to 0.82 with an average of 0.72, on the plot mean basis they ranged from 0.31 to 0.62 with an average of 0.44 (Table 4) . Obviously variation among plots (i.e., among replications within lines within generations) affected such h 2 estimates, and thus h 2 estimates based on family (line) means per generation are expected to be more reliable. However, most estimates, including those based on P/O correlation analysis, suggest a low to moderate h 2 for EB resistance in this RIL population, which is consistent with h 2 estimates for EB resistance previously obtained from other populations ( [10, 16, 19, 37] . Further, h 2 estimates were generally the same based on both final % defoliation and AUDPC, consistent with previous studies [16, 19] . The observation of low to moderate estimates of h 2 indicate that while it is possible to improve EB resistance via phenotypic selection, the progress might be slow. This is consistent with our experience with improving tomato EB resistance via traditional breeding at the Pennsylvania State University (MR Foolad, unpublished information).
The significance of EB in commercial tomato production, in particular in regions with high rainfall and humidity, and the lack of sufficient EB resistance in most commercial cultivars of tomato necessitates identification, characterization, and transfer of new resistance genes to tomato breeding material. The current research demonstrates that the EB resistance identified in the S. pimpinellifolium accessions LA-2093 is reasonably heritable and can be transferred to new breeding materials via phenotypic selection and conventional breeding protocols, albeit with a slow progress rate. Simultaneously, however, we have conducted genetic mapping and identified a few genomic regions underlying EB resistance, which could facilitate transfer of resistance to elite tomato breeding lines and hybrid cultivars via a marker-assisted selection approach (see the companion paper by Ashrafi and Foolad, 2014) .
